High quality ferromagnetic and n Josephson tunnel junctions 
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We fabricated high quality Nb/Al203/Nio.6Cuo.4/Nb superconductor-insulator-ferromagnet- 
superconductor Josephson tunnel junctions. Depending on the thickness of the ferromagnetic 
Nio.6Cuo.4 layer and on the ambient temperature, the junctions were in the or tv ground state. 
All junctions have homogeneous interfaces showing almost perfect Fraunhofer patterns. The Ab03 
tunnel barrier allows to achieve rather low damping, which is desired for many experiments espe- 
cially in the quantum domain. The McCumber parameter j3 c increases exponentially with decreasing 
temperature and reaches j3 c ~ 700 at T = 2.11 K. The critical current density in the 7r state was 
up to 5 A/cm 2 at T = 2.11 K, resulting in a Josephson penetration depth Xj as low as 160 /im. 
Experimentally determined junction parameters are well described by theory taking into account 
spin-flip scattering in the Nio.6Cuo.4 layer and different transparencies of the interfaces. 

PACS numbers: 74.25.Fy 74.45.+C 74.50.+r, 74.70.cn 



The realization of solid state qubits attracts consider- 
able interest. Josephson junctions (J Js) are used to real- 
ize charge|l|, phaseQ or flux[3j qubits. For the "quiet" 
flux qubit jj] , which is self-biased and well decoupled from 
the environment, one needs to use high quality ir JJs with 
high resistance (to avoid decoherence) and reasonably 
high critical current density j c (to have the Josephson 
energy Ej 3> feT for junction sizes of few microns or 
below). High j c is also required to keep the Josephson 
plasma frequency lu p oc y/J2, which plays the role of an 
attempt frequency in the quantum tunneling problem, on 
the level of a few GHz. 

The concept of -n JJs was introduced long ago[3 LJ- 
but only recently superconductor-ferromagnet-supercon- 
ductor (SFS) ir JJs were realized^, @- Unfortunately 
SFS 7T JJs are highly overdamped and cannot be used for 
applications where low dissipation is required. The obvi- 
ous way to decrease damping is to make a SFS-likc tunnel 
junction, i.e. a superconductor-insulator-ferromagnet-su- 
perconductor (SIFS) junction. Due to the presence of the 
tunnel barrier the critical current I c in SIFS is lower than 
in SFS, but both the resistance R (at I > I c ) and the 
I C R product are much higher. Moreover, the value of I c 
and R can be tuned by changing the thickness d\ of the 
insulator (tunnel barrier). 

A set of SIFS JJs with different thickness oIf of the 
F-layer were recently fabricated and JJs with both and 
-it ground states were observed depending on dp)£$. Al- 
though, in the 7r state the specific resistance of the barrier 
was high (p ~ 3 mil • cm 2 ), j c was below 7 mA/cm 2 at 
1.5 K, resulting in an I C R product below 20 //V, as can 
be estimated from the data in Ref. Oj 

In this letter we report on fabrication and characteri- 
zation of high quality Nb/AlOz/Ni^Cui-y/Nb JJs with 
different dp having as high as possible j c and I C R values. 



In the 7r state we reached j c up to 5 A/cm 2 at T = 2.11 K 
and maximum I C R values ss 400 /TV. SIFS and reference 
SIS JJs were fabricated in-situ by magnetron sputtering 
and patterned using optical lithography and (reactive) 
dry-etching [l(| . On thermally oxidized Si wafers we de- 
posited 120 nm Nb and 5 ran Al. To form the A1 2 3 
barrier (which should be as thin as possible, but with- 
out pinholes) we oxidized at 0.015 or at 50mbar to have 
j ( c ] « 4.0 kA/cm 2 (wafer 1) and jP sa 0.19 kA/cm 2 
(wafer 2) for reference SIS JJs. For reference SIS JJs on 
wafer 1 the I C R product was 1.55 mV. 

To control the properties of SIFS JJs the thickness and 
the roughness of the F-layer should be controlled on a 
sub-nm scale. To provide uniform growth of the F-layer, 
a 2 nm Cu interlayer was deposited between I-layer and 
F-layer. As F-layer we used diluted Ni .6Cuo.4, followed 
by a 40 nm Nb cap-layer. To produce JJs with different 
dp in a single run, during sputtering of the F-layer, the 
substrate and sputter target were shifted about half the 
substrate length producing a wedge-like F-layer with dp 
from 1 to 15 nm across the 4" wafer. All other layers had 
uniform thicknesses. The SIFS junctions had a squared 
shape with an area of 100 x 100 /xm 2 . 

We have used diluted Ni^Cui-j, alloy rather than pure 
Ni to have suitable dp (much larger than roughness) 
for the 7r state. In very diluted alloy with y < 0.53 
strong spin- flip scattering [llj and Ni cluster formation 
arc observed [13, uM- To avoid this magnetic inhomo- 
gencity we have used y = 0.6, as confirmed by Ruther- 
ford backscattering spectroscopy. The Curie temperature 
Tq ~ 225 K was determined by SQUID magnetometry 
and anisotropic Hall measurements on bare Nio.6Cuo.4 
films. Both Tq and resistivity pp (10 K) = 54uf2 • cm 
arc in good agreement with the literature [3, uM- The 
magnetization of such thin Nio.6Cuo.4 films is in-plane. 



Inter pola tion of the magnetic moment /j, from published 
data [IB 13 US Eg yields \x = 0.15 Hb per atom for our 
Ni . 6 Cu .4 alloy. 

Following Ref. [l|| one can derive that at T < T c 



I c (d F ) ~ exp ( — — | 
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where £fi,F2 = ^/vvl + <?±a are the decay 
and oscillation lengths of order parameter [20j. £f = 
y/HD/E cx is the decay/oscillation length without spin- 
flip scattering[l!|, _E CX is the exchange energy, a = 
1/(t s E cx ), t s is the inelastic magnetic scattering time|2lj 
and 7s2 is the transparency parameter of the SIF part 
treated like a single interface. tf^ oad is the magnetic dead 
layer thickness. Eq. JTJ is derived assuming that the in- 
terfaces are not spin active, cf.[23|, short decay length 
£fi < dp, £pi <C £f2 and FS interface transparency pa- 
rameter 7bi = (731 <C 752). In comparison with [23 
Eq. JIJ takes into account magnetic impurity scattering 
which enters via r s . Since £f2 weakly depends on temper- 
ature T, the 0-7T crossover can be observed by changing 
T. 

The spread in j c among SIFS JJs with the same d F 
is about 2% H3. The I c (d F ) dependence of our SIFS 
JJs is clearly non monotonic as shown in Fig. ^ We 
argue that the minimum of I c {d F ) at d F ~ 5.21 nm cor- 
responds to to 7r crossover. To rule out the possibility of 
0-7r crossover at smaller d F we have investigated I c (d F ) 
down to d F = 2 nm and did not observe any decrease 
or oscillation of I c (d F ). In Fig. ^we show only data for 
"low" j c JJs (L < 2Aj) that we can treat as short JJs 
to fit experimental I c (d F ) using Eq. Q). Due to a finite 
dead magnetic layer the change of phase takes place in 
an effectively reduced F- layer thickness. By fitting I c (d F ) 
for wafer 1 using Eq. JTJ, we estimated £pi = 0.78 nm, 
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FIG. 2: (Color online) IVCs of tt SIFS JJ (d F = 5.87 nm) at 
different T. Insets show: IVC of SIS JJ at T = 4.2 K (top) 
and I C (H) of SIFS JJ at T = 4.2 and 2.11 K 
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FIG. 3: (Color online) I C (T) (a) and f3 c (T) (b) dependence of 
and tt SIFS JJs. 
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FIG. 1: (Color online) I c (d F ) (a) and /3 c (d F ) (b) dependence 
(circles: wafer 1, triangles: wafer 2) and fitting curve for wafer 
1. Inset shows magnification of to 7r transition region for 
the wafer 1 on a linear scale. 



£i?2 = 1-35 nm and <f^ cad = 3.09 nm. As we see, the 
inelastic magnetic scattering is strong (£pi < £f2) and 
the decay length £ F1 -C d F , thus Eq. QJ is applicable. 
Also, the found value of d F cad supports our claim that 
we observed to tt rather than tt to crossover. Ac- 
cording to Eq.JTJ the coupling changes from to tt at 
the crossover thickness d^ T = f^F2 + d F cad = 5.21 nm, 
the shape of the I c (d F ) curve does not change with the 
thickness of the insulator, but the amplitude of I c (d F ) 
is proportional to the reciprocal transparency parameter 
7^2- In the interval of d F from (for SIS) to 9nm the 
value of j c at 4.2 K changes over five orders of magnitude 
from 4kA/cm 2 to below 0.05 A/cm 2 (wafer 1). 

The maximum j c in the tt state is 3.8 A/cm 2 (wafer 1) 
and ? c (tt) = 90 niA/cm 2 (wafer 2) at T = 4.2 K. This 
gives Xj > 190 ^m, which can be easily increased by 
increasing d F Further decrease of Xj by lowering di is 
limited by the appearance of microshorts in the barrier. 

For comparison, in Ref. [2l| SFS JJs were fabricated 
using the weaker ferromagnet Nio.53Cuo.47 (Tc = 60 K). 
Although the spin-flip scattering was also taken into ac- 



count, the high interface transparencies (7^1 = 0.52) lead 
to a different I c (dp) dependence than Eq. QJ predicts. 
Also, the lower E cx lead to larger £pi = 1.24 nm and 
£f2 = 3.73 nm. The magnetic dead layer was 1.4 times 
larger than in our system. 

Fig. IHb) shows the dependence of the McCumber pa- 
rameter j3 c (dp), which was estimated from the values of 
I c and I r (return current), at T = 4.2 K for wafer 1. The 
capacitance C ~ 800 pF, determined from the Fiske step 
spacing of 73 /j,V is nearly independent from dp, but de- 
pends on dj . Near the 0-7r crossover and for large dp the 
value of I c is very low and the junctions become over- 
damped (J3 C < 0.7). For 7r JJs with dp near the maxima 
of the I c (dp) curve a hysteresis appears on the I-V char- 
acteristic (IVC). 

The IVCs and I C (H) patterns (voltage criterion 5 juV) 
for a SIFS 7r JJ with highest I c arc shown in Fig. |3 c.f. 
the IVC of the SIS JJs shown in the inset. Theoretically, 
at lower temperature the quasiparticle current decreases 
and the gap appears at higher voltages. In experiment, 
due to heating effects at high bias currents, part of the 
sample became normal before we were able to reach the 
gap voltage. At T < 2.61 K the first zero field step at 
149 /iV is visible on the IVC. 

The energy dependence of the density of states in Al, 
Cu and NiCu are not exactly BCS-like and .UT) for SIFS 
JJs should show a more linear behavi or J24l| than origi- 
nally found by Ambegaokar-Baratoff [25j. Variation of 
T modifies £pi and £.F2 and can even change the ground 
state 0, EH- Since £ cx of Ni .6Cu .4 is relatively large, 
a change of T affects our JJs much less than in previ- 
ous work on the stronger diluted NiCu alloys |7l FPU . The 
I C (T) dependences for three JJs from wafer 1 are shown 
in Fig.|3Ja). At dp = 5.11 nm the JJ is coupled, but we 
attribute the nearly constant I c below 3.5 K to the inter- 
play between increasing Cooper pair density and decreas- 
ing oscillation length £p2(T). The JJ with dp = 5.20 nm 
is coupled at T = 4.2 K, but changes coupling to it be- 



low 3.11 K. During the 0-7r transition its critical current 
is not vanishing completely (/™ m « 0.8 //A) either due to 
roughness of the ferromagnet or a prominent sin(20) com- 
ponent in the current-phase relation J26J, |2jJ, which can 
appear intrinsically or again due to roughness [281 |29J | . At 
the crossover temperature T x = 3.11 K, I C (H) can still be 
traced through several minima, so the large scale rough- 
ness must be small. The dp = 5.87 nm J J (also shown in 
Fig. [3J| exhibits the highest critical current among ir JJs 
(jc = 5 A/cm 2 at 2.11 K). Up to now the correspond- 
ing A j = 160 /mi is the smallest achieved for SIFS JJs. 
Fig-EFb) shows /3 C (T) for the same JJs. f3 c (T) increases 
exponentially below 4K for both and ir JJs, indicating 
very weak Cooper pair breaking in the F-laycr for these 
temperatures. The /3 C of the always overdamped JJ with 
dp = 5.20 nm was not estimated. 

In summary, we have fabricated and investigated SIFS 
Josephson junctions with Nio.eCuo.4 F-layer and thin 
A1203 tunnel barriers. The critical current I c changes 
sign as a function of the F-layer thickness dp in ac- 
cordance with theory, exhibiting regions with and 7r 
ground states. For dp near the to 7r crossover the 
ground state can be controlled by changing the tempera- 
ture. Our SIFS 7r junctions show critical current densities 
j c up to 5 A/cm 2 at T = 2.11 K and I C R products about 
400/iV. The achieved -k junction's Josephson penetration 
depth Xj as low as 160 /xm at 2.11 K allows to fabricate 
long Josephson 0-ir junctions of reasonable size and study 
half integer flux quanta (semifluxons) that appear at the 
0-7r boundaries |3(X J3lL l32l | and have a size ~ Aj. Reason- 
able A j and low dam ping in such 0-7r junctions may lead 
to useful classical [331 F34J or quantum J3J| Ha, F37| circuits 
based on semifluxons. 
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V. Ryazanov for fruitful discussions. This work is sup- 
ported by ESF program PiShift and by the DFG projects 
GO-1106/1 and SFB/TR 21. 
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